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BETWEENFATIGUE

An investigationhas been conductedto determinethe internalfric-
tionand fatiguestrengthof ccmunerciallypure 1100 aluminumunder
repeatedstressingin torsionat varioustemperaturesand stresslevels
in an effortto find if thereexistsany correlationbetweeninternal
frictionand fatiguecharacteristics.For this investigationa tor-
sionalfatigue-testingmachineof the resonantme was designedwith
facilitiesfor measuringinternalfrictionat low stresslevels.

Resultsindicatethe existenceof a criticaltemperatureat which
the fatigueMfe of the specimensappearsto reacha minimumvalue. The
effectof this temperatureon the internalfrictionat variousstress
levelswas quitesubstantial.lh addition,the phenomenonof the recov-
ery of internalfrictionduringbriefperimlsof rest was discussed.
The recoveryof internalfrictionwas observedto dependupon the stress
leveland temperatureof testing.

INTRODUCTION

While considerablework has been done in orderto determinethe
dampingcapacityof materialsat engineeringstresslevelsand at various
temperaturesin fatiguestressing,no systematicinvestigationshave been
conductedin orderto correlatethe internalfrictionat low stresslevels
with fatiguestresshistory. Measurementsof internalfrictionat low
stresslevelshavebeen used-inmany investigationsin orderto determine
the effectsof variouskindsof cold-wcmk;theseinvestigationshave
resultedin some interestingobservations.It was consequentlyfelt desir-
able to initiatea fairlyexhaustiveexperimentalinvestigationin order
to correlatefatigue,internalfriction,and temperature.

Thiswork is an investigationof the internalfrictionand fatigue
strengthof commerciallypure 1100 aluminumunderrepeatedstressing
in torsionat varioustemperaturesand stresslevels. Specifically,
the investigationwas designedto include: -terminationof the critical
temperaturefor the viscousbehaviorof the grs3nboundaryand its pos-
siblerelationto the fatigueproblem;preliminaryinvestigationof the
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effectsof briefperiodsof rest on internalfrictionduringprogres.
sive stresshistaryat differenttemperaturesj .smd trendsin the variation
of internalfYiction,as measuredby the logarithmicdecrement 5 in
free oscillationsof smallamplAtude,as a f’unctionof torsionals“hear
stress T, temperatureT, and nuuiberof reversals I?,in specimenswhich
are stressedcyclicallyin large-amplitudeforcedvibrations.

The work of the presentrepat was conductedunderthe sponsor-
shipand with the financialassistanceof the I?aticmalAdvisoryCommittee
for Aeronautics.The authorwishesto expresshis sincerea~reciation
for considerableadvicewhichhe receivedfrom Drs. Y. C. Fung and E. E.
Sechlerof the Departmentof Aeronauticsof the CaliforniaInstituteof
Technology.

.

TEST MATERIAL

Commerciallypure 1100 almimm wires 1/3 inchby 36 inchesof the
“

followingcompositionwere used in the tests: aluminum,99.19percent;
iron,0.49percentj capper,0.16percent;siMcon, 0.10percentj 1-

magnesium,0.03yercent;and manganese,0.03percent. Thisrelatively
pure aluminumwas.chosenas the test materialbecausesomeinformation
was alreadyavailablefrom R!Yswwk (asdiscussedin ref. 1) and because
of the relativesimplici~ in interpretingthe results.

The aluminumwireswere strai@tenedbeforetestingby applyinga
tensionof 750 psi and passinga currentof 175 amperesat 6 volts
throughthemfor a periodof 5 minutes,whichraisedthe temperatureof
the wire to about750°F. Test specimens9 incheslongwere cut from
thesewires. In the prelimimuy run of 16 tests,the test spec~ns
whichwere thuspreparedwere held by gripsin the testingmachineand
were subjectedto an annealat 750°F for 6 hours. Ih stisequenttests,
thickr ends (as shownin fig. 1) were castin an inductionfurnacein
orderto reducethe extraneousfrictionat the grips. The secondset of
specimenswas polishedwith 60QA emerypaper,mnealed at 750°F for
6 hours,and cooledin the furnaceto roan temperatureto remuvethe
effectof prior stresshistory.

me free lengthof the test specimenwas 6 inchesand the diameter
was 0.125inch. !thevariationwas not more than 0.002inch in diameter
and 0.025introh h@h. .

TESTEQUIPMENT

The principleof resmce (withan exterml elasticrestraint)was
used for producingtorsionalvibratims. w -w the stiffnessof

/
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the externalrestraint,it was fouudpossibleto changethe operational
frequencyof forcedvibrationat resonance. The decay of free oscil-.
lationswas used for dampingmeasurementsand a photocellelectronic
systemwas used to facilitatequickmeasurements.

Ih prellmhary testsit was foundthat,if an elasticrestraintwas
attachedto one end of a two-polealternating-currentmotoras shownin
figure2(a),it was possibleto excitetorsionalvibrationsin the rotor,
providedthatthe angle 0 was not zero. By choosinga properlength
for the restraintand a correspondingfrequencyfor the power s~ply, it
was possibleto maintainoscillationsof substantialamplitudewith yery
littlepowerinput. A pair of electromagnetswas used to stsrtthe test
specimenand inertiabar in free vibration. In orderto reducethe effect
of residualmagn@sm, thesemagnetswere puJledaway from the vicinity
of the inertiabar afterthe free vibrationsstarted. h orderto simu-
latefree torsionalvibrationsonly,E+torsionpivot s~port was placed
at the end of the inertiabar as shownin figure2(b). W finalsetup,
based on thisprinciple,is shownschematicallyin figure3. The photo-
graphsin figure4 showthe testingmachinewith its associatedeqpipment.
The measurementof &uqpingis carriedout as shownin figure5.

ERRORSIN w~

A detailed.discussimof the measurementerrorsis givenin the
appendix. W resultsmay be sumarized as fol.lows:

At room temperature,for an annealedspecimen,therewas stilla
largevariationin the measuredvalue of the logarithmicdecrementof
the freevibration. Thisvariationmay be as high as 150 percentflrom
the Ean valuefor differentspecimens.At highertemperaturesthe
variationwas considerablyless,goingdown to valuesas low as 5 percent.

M the measurementM dampingof a specimen,therewas an inherent
statisticalvariatiunof about10 percentor less in rangeaboutthe mean
value. While lookingfor significanttrendsin recovery,thisvariation
was kept in mind.

~re was a maximumerrorof 5.4 percentin the measurementof
dampingfromreadingto readingof a specimenbetweena numberof rever-
sals of forcedvibration.

The sqd-itudeof fmced vibrationdid not fluctuatemore than 4 per-
centexceptwhen the specimenwas aboutto break.

The temperaturein the furnacewhichwas calibratedwith the thermo-
couplesinstalleddirectlyon the test specimen(andtheser“elatedto a
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near the specimen)did not varybeyond-o F in
F, and overa periodof time the fluctuationwas b

DIHWWNATION OF 6

The principleof decaymeasurementsand the equationfor internal
friction 8 are givenin figure5.

The nuniberof cyclesin free vibrationrequiredfor a chosenampli-
tude decayis hereaftercalled“thedecaycycles.” This is the nunher
of cyclesreqyiredfor an amplitudeof 1 inch to die d- to 0.4 inch on
a linesrscaleat a distanceof 130 inchesfrom the test specimen. The

the l-inchamp~tude correspondsto a shearstiainof 4 x 10-5radian
and the correspondingstressis 140 psi. Ehibstituticmof theseintothe
equationfor b givenin figure5 givesthe value

where n is the numberof half cyclesmeasuredby the counter. Tn the
texthereafter,the terms “internalfriction”and “dampingvalues”are
used interchangeably.

Sinceone of the prerequisitesfor the measurementof anelastic
internalfrictionis ampMtude independenceof the measuredvalueof
friction,tt becomesdesirableto determineif the amplitudesettings
chosenabavedo givemeasurementsof internalfrictianindependentof
amplAtude. b orderto do this,the dampingcurveswere determinedfor
variouEinitialamplitudesand are shownplottedin figure6. It Cm
be noticedthatup to 500 psi of maximumstress,the dsmpingis inde-
pendentof stressamplitude. Consequently,it is concludedthat the
chosenvalue 6f stressamp~tude fa measurementof internalfriction
is well withinthe range of amplitude-independentdamping.

D~ON OF 5-VERSUS-TRELATION

Sinceone of the aims of this investigationwas to determinethe
effectof a criticaltemperatureon fatigue,the variationof dmping
with temperaturefor a specimenbefcme stressingwas determined.K@ts
work (refs.1 and 2) on the grainboundaryhas shownthe existenceof a
criticaltemperaturefor nmximmmgrain-boundarydamping. As shownin
figure7 the existenceof a criticaltemperature(450°F) was revealed
in this casealso. The dampingdid not go down continuouslyas it did
in I@1swork but showedan increasewith -erature aftera smalldrop.

>
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Theremight be many reasonsfor this. Tn the firstplace,the test
materialin thiswork was not so pure as the 99.998.percentpure alumL-
num thatI@ used. Secondly,I@ mentionedthat the high-temperatureside
of the curvewas foundto be very sensitiveto preannealcold-work,indi-
catingthat some othereffectsconnectedwith cold-workcomeinto the
picture. !JM.seffectwas also attributedby Pearson,Greenough,and
Smith,as discussedin reference3, to slippingat interfacecorners
where the stressis concentratedafterrelaxation. It is also of some
interestto note that the criticaltemperaturewas 450° F in this case,
as comparedwith about536°F in I@~swork. Work of otherinvestigators
showsthat this differencein the nmximumtemperaturemay be attributed
to purilqyand grainsize. .

In the subsequentteststhe variationof b as a functionof stress
level T, temperatureT, and nuuiberof reversals N was determined.
Thus,afterannealingthe specimenfor about6 hoursat 750°F, its
temperaturewas broughtduwn to the testingleveland the dampingwas
measured. A particularstresslevelwas chosenand the dampingof the
specimenwas determked aftervariousnunibersof reversals N. During
the periodof dampingmeasurement,whichwas not more than 15 minutes,
the test specimenwas not mibjectedto any high-stress-levelforced
vibration,and thisperiodcouldbe tieatedsubstantiallyas a rest
pericd. The folluwingstresslevelsand temperatureswere chosenfor
investigation:

T) psi. . . . . . . . . . . . . ..2>000 3,X&o 5,000 6,000
T, % . . . . . . . . . . . . . . .75 450 600

This stageof the testingwas conductedin two parts. In part one,
it was desiredto investigatebrieflythe effectsof restperiodson
recovery. Consequently,shortperi~ of rest ~ to 15 minuteswere
giveneach time dampingwas measuredaftera periodof forcedvibration.
Sixteentestswere performedunderthis condition,one fcm each ccmibi-
nationof stresslevelsand temperatures.M the secondpart,the pericd
of restwas onlythat timenecessaryto measuredampingonce;which,in
general,was about2 minutes. Undertheseconditions,threeadditional
testswere performedfor eachpair of stresslevelsand temperatures.
~ secondpartwas considerednecessaryto determinescatterinvolved
in thiswork and to confirmthe generaltrendsobservedin part one.

Fmovmw PHEMMH’U

It has been suggestedin previouswork thata periodof rest after
a specimenhas been subjettedto sustainedvibrationfor sometimewould
contributeto a decreasein the dampingcapacityof the test specimen.
This was foundto be true in thesetests. However,it was also foundthat
the recoverywas dependenton the stresslevelof the forcedvibrations
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and the temperatureand thatundercertainconditionsthere occurred
what may be callednegativerecovery,in which casethe dampingincreased
with time.

Ih orderto analyzeand presentthe ~etiary resultsof these
phenomena,the followingprocedurewas adopted.

The dampingof a specimenbeforestressingwas determinedat a
chosentemperatureat leastsix times. In general,thiswas foundto have
statisticalvariations,fluctuatingabouta mean value. The quotientof
the largestof the decaycyclesoverthe smallestin thesesix readings
was tahn as * indicationof this inherentramdomvariation. The decay
cycleswere also determined at successiveintervalsduringa periodof
briefrest titera peritiof sustainedvibrations. !EE quotient,nuw
&fined as the recoveryfactor,was againdetermined.Thisrecoveryfactor
was consideredsignificantif it was largerthanthe correspondingquotient
for the specimenbeforestressing. Ih addition,it was consideredsig-
nificantonlyif therewas noticedeithera monotonicincreaseor a
decreasein a set of readings. Thus,for example,at 2,000psi and 75° F, “
a specimenbeforestressinggavethe followingreadingsfor decaycycles:
669, 651, 649,649, 652,and 651,with an averageof 654 and a quotient -
of 669/649= 1.03. T& samespecimenafterbeing stressedfor 46,5@
cyclesat *,000 psi gavethe foll.owingsuccessivedecay-cyclereadings
in a periodnf roughly15 minutes:451, 457, 478, 485, 492, and 52o. ~s
set showsa clearlymonotonicincreasein the cyclesand the recovery
factoris 520/h51= 1.15. Sincetherewas a monotonicchangeIn the decay
cyclesand sincethe recoveryfactor1.15was largerthan the quotient1.03,
thiswas consideredto be a case of significantrecovery. h caseswhere
monotonicd&rease was noticed,i% is apparentthat it would givea recuv~
ery factorof valuelessthan 1 and, for obviousreasons,thiswas desig~
natednegativerecovery. Ta orderto representthis systemgraphically,
caseswhereno significantrecoverywas noticedwere assigneda recovery
factorof 1.

It mustbe mentionedthattherewas usuallya time lapseof about
45 secondsbeforethe firstreadingcouldbe taken. Consequently,if the
majcm part of the recuverytookplacewithinthisperiod,it was not
observzibleby thismethod. Nevertheless,~se resultsare presented
since,in many cases,the testsshawdetectablerecoveryovera periti
considerablylsrgerthem 45 seconds.

In general,it has been foundthat the recoveryfactorsso determined
variedin a randommanneras a functionof fatiguestresscycles. Conse-
quently,in the absenceof furtherdata at tis stageit is considered
desirableto work with averagerecoveryfactorsonly. Thisaverageis the
arithmeticmean of the recuveryfactorsdeterminedroughly16 timesin .

6about30 x 10 cycles;the recoveryfactorswere determinedat shorter
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intervalsat the beginningof fatiguestressing.As an exampleof the
resultsobtainedin thesetests,@pical tables(~b~s l(a)-d l(b))
are includedfor the conditionsof 2,000psi and 75° F and 2,000psi.
and 300° F. h resultsof this investigationaxe Qven in figure8.
Whererecoverywas observed,it tendedto increaseat its maximumrate
withinthe firstfew minutesof a restperiod. fhibseqpentperiodsof
rest gaverise to a mere gradualincreasein recovery. At highertemper-
atures,the recoveryrate appearedto reachan asym@totewithina short
time (a~”-tely 5 minutesat 450° F and even less at highertemper-
atures),and, at room temperature,spot testingshowedrecoverystill
_ Pkce at timesup to 15 hours. TIE curvesin fignre8 indicate
sme interestingtrends. I?& example,one noticesthat the room-
temperature(75°F) recoveryfactorincreasedwith the increasec& stress,
at firstratherrapidlyand thenmm% gradually.At 300°F the slupeof
recoveryfactorversusstressis much steeper. No ex@anation is offered
for the negativerecoveryfactm which occursat 2,~0 psi at 300°F.
At 450° F the specimensstartwith a negativerecuveryfactorand,with
an increaseof stress,the curvereachesand mergeswith the curvefor
recoveryfactor1. At 6000F the curveis identicalwith the ltie for
recoveryfactor1.

RESULTSAND DISCUSSIONOF TRENDSIN

FATIGUE-DAMPINGRELMICONS

The resultsof fatigueand dampingwere obtainedin two stages. Part
one concernsthe dampingvaluesobtainedwhile investigatingtrendsin
recovery. It was noticedat the end of this s-e of thework that a
substantialdecrementcouldhe obtainedin the initialvalue of the damping
by castingthe ends of the specimenintegrallyinsteadof usingsplit
colletsto hold it in the testingmachines. Part tWO consistedOf 48 tests
with integrallycast specimens,threetestsfor each @r of test condi-
tions. Using specimenswith gripswas not consideredto have affectedthe
recoveryrelationsobservedinsofaras the qualitativepicturepresented
by them is concerned. It may alsobe mentioned*t castingthe specimen
ends integrallyaffectedonlyfour tests,nsmely,thoseat 75° F for
stressesof 2,~, 3,5oo,5,~, and 6,OOOPSi, tie reasonbeingthat
at highertemperaturesthe dampingof the specimenitselfis, in general,
of a hi@er orderthan thatwhich the specimennay experienceat the split
Collets. Whileanalyzingthe fatigue-dsmpingrelationsand obtaining
mean curves,the dampingresultsobtainedin thesefour testswere neg-
lectedfor reasonsstatedabuve.

A @pical set of resultsin this seriesof testsis presentedin
table2. A summaryof the average@Lues of dampingis givenin tsble3.
A smmnsryof life to failureof the test specimensis notedin tablek.
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h resultsare ~esenti in the form of curvesin figures9 to 12. lh
.

orderto presentthe changein the valueof dsmpingfrom an annealed
conditionto that of the firstmeasurement,the value of the damping *
beforethe specimenis stiessedis representedm the y-sxisand joined
by a s-ight lineto the firstmeasurementin the curvesin figures9(a)

to (d). Sincethe scaleon the cyclestkxisstsrtsat 104, the slopeof
the dampingcurvesin thisregionis fictitious;the only significant
item in thisregionis the natureof the slopebut not the magnitude,
which is distorted. The curvesdepictingthe relationbetweenfatigue
and dampingat the differentstresslevelsand temperatureswere dram
on the basis of the arithmeticmean of the dsmpingvaluesat O, 0.5 X ld,

7. Detailedvariationof the _ing105, 106, ~ x 106, MJ, and 3 x 10
apartfrom thesemean valueswas not consideredsignificant,and no impor-
tancewas attachedto it.

Stresslevel,2,000Psi u

The followinggeneralfeaturesin the variationof dampingat a
stresslevelof 2,000psi are apparentin figure9(a). (tiwhat follows, .
the term “initialrange”is used to definethe range of cyclesfrom O

to 0.5x 105.)

At 75° F a subs-tial changein the danpingtookplacein the ini-
tialrangeand from thereon therewas a gadual but slowincreasein
damping. At 300°F the changein the initialrangewas not so greatas
it was at 75° F, but onewould stillnoticea generaltrendtowardan
increasein dampingwith an increaseM numberof cycles. At 450° F
therewas a radicalchamge,with a decreasein dsmpingwith an increase
in nunkerof cycles,the slme in the initialrangebeing definitely
negative. At 6000F the dampingagainincreasedwith an increasein
nwiberof cyclesin the initialrange,but, as the fatiguestressing
continued,therewas a tendencytowardsa decreasein the dsmping. There
were no failuresat this stresslevelat any of the testingtemperatures.
It appesrsthat the scatterat 75° F was ratherlargeas ccmpsredwith
that at the highertemperatures.Whilethis is generallytrue,the log-
arithmicplottingof dampingseemsto enhancethe actualscatter.

StressLevel,3,500Psi

At 75° F, for a sln?esslevelof 3,500psi, a substantialchangein
the dampingtookpbce in the initialrange,and then therewas a gradual
increasein dsmpingsimihr to thatat 2,000psi but largerin magnitude
(fig.9(b)). At 300°F the changein the tnitialrangewas not so great -
as it was at 75° F, but onewouldnoticean increasein dampingwith an
in~-easein nuuiberof cycles,with the magnitudeof the increasebeing
much lsrgerthanthat at 2,000psi.

—_— —— — . —— — .—— —



>

.

.

I’WCATN 3755 9

At 450° F one againwouldnoticethe characteristic— negativeslope,
as in the case of 2,000psi,hut it is slightlyless steep. At 600°F,
while the dampingincreasedin the initialrange,therewas no partic-

ular increasein dampingwith stresshistorybeyondld cycles. At thiS
stresslevelalso,the scatterin dampingvaluesat 75° F was ratherlarge.
Therewere no failuresat ltds stresslevelat any of the testing
temperatures.

StressLevel,5,000Psi

At 75° F, for a stresslevelof 5,000psi, a mibtantial changein
dampingtookplace in the initialrangeand the dampingcontinuedto rise -
gradua2Jy(fig.9(c)). The rate of increaseat 300° F in the initial
rangewas -in positivesad the subsequentincreasewas rathernegU-
gible. At 450° F one againwouldnoticethe characteristicnegative
slopein the initialrangeand the continuousdecreaseof dampinguntil
failureof specimenstookplace. At 600°F the slopein the initial
rangewas againpositive,and the dampingcontinuedto risewith stress
historyuntilfailurestookplace. Althoughat room temperaturethere
were no failuresat this stresslevel,at highertemperaturesaubut one
of the test specimensfailed. The scatterin dsmpingat this stress
level was not-large,as was the caseat 2,000 and-

Stress kvd, 6,000Psi

At 75° F, fm a stresslevelof 6,000psi, a

3,500psi.

substantialchangein
dampingtookplacein the initialrange,as it did at the lowerstress
levels,but the dampingvalueswith furtherstresshistorytrenddown-
ward (fig.9(d)). At 300°F one noticesa positiveslupeof the damping
curvein the initialrange;in addition,a rathersteepincreasein damping
with slmesshistoryoccurs. At 450° F one againnoticesthe negative
slopeof the dampingcurvein the initialrangeand the subsequentcontin-
uous decreasein dampingwith stresshistory. At 6000F, in the initial
rangethe dampingincreasedwith stresshistary;beycmdthis rangethere
was a definitetendencytowarda decreasein dammingwith stiesshistory.
This is in appositionto the
the same temperature.

The most characteristic
whereasat alJ othertesting

generalbehaviorat-lw–erstresslevelsat-

Discussion

thingobservedin all these curvesis that,
temperaturestie slupeof the dampingcurves

was positive,at 450° F (w&h was the criticaltemperaturein the
&versus-T relation),it was negative.

Furtherobservationscambe made on the basis of the following
simpleanalysis:

. — . . -—
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Fran the mean fatigue-dampingcurvesit is possibleto definea
~-averagebased on the integratedarea undera curvedrawnon a linear

stale. Sinceall of the specimensdid not run until3 X 107 cycles,
the integrationof a curvewas carriedw to a limitwhich coversall the

curvesat the ssme temperature.This correspondedto ’107cyclesfor rocm

taqperatureand 106 cyclesf~ all othertemperatures.Thus N = 107

for T=750F ,ti N= 106 for T >75° F. The resultingvaluesof
b-averagewhichwere consideredcharacteristicof.the respectivetest
conditionssre givenin table5. The averagevaluesof 5‘ for the
specimensbeforestressingbased on the resultsof 15 testsat each
temperatureare also given. H the &average based on the integration
of the mean fatigue-dampingcurvesat eaCh temperatureand stresslevel
is dividedby the correspondingbS-averageof the specimensbefore
stressingat the sametemperature,one obtainsa re~tive variationof
internalfrictiondue to fatiguestressingat variousstresslevelsand
temperatures.

The variationof thisratio

with temperatureand stiesslevelis givenin table5. !lhus,for example,
at 75° F the averagevalue of 8‘ of specimensbeforestressingbased on

15 testsWLM 6.3 x 104. The averagevalue of b based on the areaunder
the b-~ curve (fm 3 tests)afterfatigwsstressingat 2,000psi and

75° F was 29 X 104. The ratio a . (29x 10+/(6.3 X 10+ = 4.6 iS
a measureof the changein dampingof the test specimensat 22000 psi
and 75° F.

The variationsof a with stressand temperatureare plottedin
figure10. Thesetwo sets of curvesrevealsomeextremelyinteresting
trends. Thus,referringto figure10(a)in which a was plottedagainst
T far v&u?ious~SrEUIEtiiCVd.UeSof T, one noticesthat

(1)At 75° F the value of a increasedwith stresslevelindicating
that the largerthe stresslevel,the largerthe increasein damping.

ba— increasedwith stresslevel,therebyindicatingthat the
m ‘1- aT
rate of increaseof daqpingincreasedwith stresslevel. h passing,it
must be mentionedthat this internalfrictionwas measuredat low stress
leyels(140psi) and was not amplitudedependent.

(2)At 300°F, Whik

Ved in (1),the valuesof

the relativeincreasewas

.
onewouldnoticethe sametrendsas were obser.

* were much smaller,indicating“*t .
a-aT
Mminishiqgwtth an increasein temperature.

—... . .. ..-— —— -—— —-.—
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(3)At 450° F the valueof a decreasedwith an increasein stress
and was lessthan 1, indicatinga reductionin damping(as comparedwith
the valueobtainedbeforethe spec~n was stressed)titera periodof
stressing.

(k)At 600°F, “a startedwith a valuegreaterthan 1 and decreased
to valuesless than 1 with an increasein stresslevel.

Referringto figure10(b),

(1)The higherthe stress,
with an increasein temperature

one noticesthat

the greaterthe rate of reductionof a
below 450° F.

(2)W slopeof ~ .tendsto a minimumaround450° F, indicating

that the relativechangein internalfrictionwith temperatureat all
stresslevelswas a minimumat 450° F.

Furtherobservationson the fatigue-dampingrelaticm=e as follows:

(1)Whilethe rate of chamgeof a (and,hence, @ with temperature
seemsto reacha minimumat 450°F, the changein the absolutevalue
of 5 at thistemperaturewas largerthan the changeat any othertemper-
ature,as canbe seenfrom figure13.

(2)At all stresslevelsthe peak observedin the &versus-T relation
for a specimenbeforestressingwas remuvedby an applicationof fatigue
stressing,as canbe seenfrom figure12.

(3)mgure 11-shinsthe averagefatiguelifeplottedagainsttemper-
ature. At a stresslevelof 5,000psi the curveshowsa tendencyfor
minimumfatiguelifeat 450° F whichwas the criticaltemperaturefor
grain-boundarydamping. It may be recalledthat the pointsin thisplot
were based on the averageof the logarithmicvalue of life obtainedin
four testsat each temperature.~cause of a prematurefail~e, the curve
for 6,000psi shuwsa minimumaround300°F insteadof 450° F, as was
the caseat 5,000psi. At room temperatureone of ths specimensat
6,OOOpst did not breakwithin33 x 106 cycles.”However,thisvaluewas
takenas a conservativeestimateof the life of thisparticularspecimen.
It will be noticedthatthisproceduredoes not alterthe generalpicture.
No testingwas conductedat temperatureshigherthan 6~0 F; thus,the
natureof the curvesbeyond6000F is not known. M orderto facilitate
quickexamination,all we pointsof failureare plottedin figure11,
and the curvesare drawnthroughthe mean logarithmicvalues. It iS .
emphasizedthat furthertestingis necessaryto confirmthe behavior
in the imediate vicinityof the criticaltemperature.
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AND SUGGESTIONS
.

While sme of the currentresultshavebeen observedbeforeM
otherauthors(ref.4) in investigatingthe effectof cold-workon”alu-
minum (whichresults,in thanselves,couldnot be explainedby any &
the @sting theories),it is believedthat the presentwork has given
rise to somefurtherobservationswhichneed e@.anation. Most impor-
tant are the relstiveVariaticmd internalfrictim as a functim of
stresshistoryand the effectof the criticaltemperatureof the grain
bounderyon the fatiguelife.

Whilereportingsomework of wad (p. 137 of ref. 5), Zenercomments
thatvibrationat the higherstresslevelsdoesnot affectthe internal
frictionmeasuredat the lowerstresslevels;thatis, internalfriction
is a single-valuedfunctionof stressamplitude. It is not very clear
from this statementwhetherthe vibrationsat hi@r stresslevels,that “
Zenerconsidersin his book, are sustainedvibrationsor unlymomentary.
This seemsto be of some consequencesinceit Is the basis of thework
presentedin thisreport,that is, the assumptionthat sustained “

vibrationsat higherstresslevelsdo indeeditiluencethe measurement
of internalfrictionat lowerstresslevels,thesestresslevelsbeing
far belowthe rsmge of the amplitude-dependent-hysteresisstresslevel.
The =iaticms notedwere not small. Thereare instancesin thiswork
where the changein the value of titernalfrictionof the specimenafter
test- approached10 timesthat of the specimenbeforestressing.

It shouldalso be remenderedthat,while investigatingthe effectof
briefperiodsof rest on recoveryof int&nal frictions,instanceswere
notictiat a stressof 2,000psi wherethe recoveryfactorwas consistently
negative,that is, a periodof rest contributedto an ~rease in internal
frictioninsteadof a decrease. Althoughit is true that theseare the
resultsof testson singleSpec-s at eachof the test conditions,there
does not seemto be any reasonto disbelievethe resultson the basisof
the experimentaltechniquesused. The lackof recovery,notioedat higher
temperatures,may be due to the fact that,~ the time the firstreading
of the serieswas taken,therewas a lapseof about30 to 45 seconds;
therefore,it is consideredpossiblethat the recoverymay have already .
takenplaceat thesetemperatures.Thereis also anotherproblemat these
temperatureswhich is likelyto affectthe wholework. The minhum recrys-
tallizationtemperaturefor the alumtnumused in this work is of the order
of 300° W, at temperatureshigherthan this,resultsnoticedmay be due to
the coficting actionof the fatiguestressingresultingh cold-workand
the recrystallizationeffectsof the highertemperatures. .

It was assumedthat the purityof the testmaterial(gg.19)was high
enoughto neglectthe effectsof impurities.Thismay not be qtitejusti- ,
fied since,for exanple,it is knownthat impuritiesin metalshave a

..— ——________ . .. . -—— -—-—— .._. .—— _ ____ .



.

.

ma m 3’755 13

tendencyto segregatein grainboundariesand thatvery smallamountsof
impuritiescan completelyblockgrain-boundaryslip in aluminum. It is
also knownfrom I@tswork on grainboundariesthat the heats of activation
for volunkdiffusionand relaxationof grainboundariesare roughlythe
ssmefor pure aluminum. It is, therefore,consideredpossible.that some
of the effectsnoticedmay be due to
on thispoint is needed.

SUMMARYOF

From an investigationconducted
and fatiguestrengthof commercially

the impurities.Furtherinvestigation

RESULTS

to determinethe internalfriction
pure 1100 aluminumunderrepeated

stressingin torsionat varioustemperaturesand stresslevels,the
followingresultswere obtained:

(1)For specimensbeforestressingthere existeda criticaltemper- .
ature (450°F) at whichthe dampingof the testmaterialreacheda msximum,
decreasingat both higherand lowertemperatures.

(2)The slopeof the curveof internaldampingversusnumberof cycles
was positivein the rsmgeof O to ~, 000 cyclesat all testtemperatures
except45Q0 F. At 450° F, the slopewas consistentlynegativeat all
stresslevelsindicatinga decreasein internalfrictionwith an in-crease
in stresshistory. -

(3)~sed on * fail~es obsery~dat 5,000Psi and 6,OOOpsi, the
criticaltemperatureof the grain-boundaryinternalfrictim (approx-
imately450°F) appearsto have an impurtantbearingon the fatiguelife
of a specimenconsideringthe averageof four test specimensat each
stressleveland temperature,the fatiguel.ife appearsto reach.aminimum
at 450° F and tendsto increaseat temperaturesboth aboveand belowthis
value.

(4)A tendencytowardreccverywas observedat some stressleveh”
@ *eW?eratUres.Not enoughdata are availableto defineaccurately
the recoveryrate as a functionof stressand temperature,but certain
trendshavebeen established.Whererecoverywas observed,it tended
to increaseat its msxlmumratewithinthe firstfew minutesof a rest
period. Subsequentperiodsof rest gaverise to a more gradualincrease
in recovery. At highertemperatures,the recoveryrate appearedto reach
an asymptotewithina shorttime (approximately5 minutesat 450°F and
even less at highertemperatures)and, at room temperature,spottesting
shuwedrecoverystilltakingplaceat timesup to 15 hours.

.

CaliforniaInstituteof Wchnology,
9 Pasadena,CaliforniajJune1, 1955.

.- .— ..y ——— —.- _ —. _ .—.. -. —— -
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APPENDIX

MEMURING TECHNIQUESAND ESTIMATION

.

.

OF ERRORS

The validityof correlatingthe dsmpingphenomenawith the fatigue
propertieslargelystemsfrom the fact thatboth of themhave the same
origin. Sincedsmpingis en indirectmaeure of certainthingshappening
b the material,the chmging am valuescharacterize,at any partic.
ularmoment,the physicalstructureat that instantand underthosecon-
ditionsonly. Consequently,it is imperativethat the conditionsunder
whichthe dampingof a meniberis be- mea$uredbe the conditionsunder
which the otherphysicalproperties(suchas fatigue)are alsobeing
measured . .

Thereare manyways in whichenergy
underobservation.Thesecanbe broadly
categories:

,(1) External influences.

canbe dissipatedin a system
dividedinto the followingtwo

(2) Ihternal dissipationsuchas internalfrictiondue to atomic
movementsin the grainboundary,slipbands,thermoel.asticand magneto-
elasticphenomena,and so forth. This classof dissipativemechanisms
is, in general,clifficultto isolateinto its variouspartsexcept
possiblyundersomespecialcircumst%aces.It is, however,possibleto
isolatethe meclianismsto a certainextentin this work. Of all the
internaldissipativemechanismsthatmay srisein thiswork, onJytwo
are of some consequence.Z&y are the sliphindsand the grainboundaries.
h torsionaloscillations,thermoplasticphenomenado not enterbecause
of the fact thatno temperaturegradientsare involvedin problemsof
sheerstiessand, sincealuminumis nonferrous,internalfrictiondue to
magnetichysteresisis of no,impm+ance. The majordissipativemech-
anism,therefore,is the internalfrictionassociatedwith interfaces
suchas slipbendsand grainboundaries.

b thiswork thereare fiveplaceswhere *aneous dampingdue to
external‘influencescan occur. T&y exe as follows:

(1)The besringsat the ends of t* vibrator

(2)The gripbetweenthe colletsand the specimen
the test specimen

(3)me swortm mtism at thebottcmof
whetherit be flexurepivot,torsionpivot,or any

(4)Magnetichysteresisdue to possiblestray

●

✎

at the ends of

inertiabar ‘ .

othertype of support

magneticfields
.)

.
.- -. ——. .—— —-— .—. ——.———— —-



.

NACA TN 3755 15

(5)Aero_c ds@ng due to the muvementof the inertiabar in
the air

Everyeffortwas made to reduce
much as possible.

The bearingsat the ends of the

the effectof the aboveitemsas

vibratordid not contributeto the
dampingin free-vibrationto any extent. This is illustratedby the fact
that no changewas noticedin the valueof b for a specimenbefore
stressing$beyondsma12.randomvariations,when the top extensionrod was
held rigidjustbelow the bearings. Furthermore,in the dampingtests,
the angularmvement at the bearingswas of the mder of l/&&lof 1°.
Sinceeqer~ dissipationis proportionalto the angulardisplacementand
sincethe displacementis small,this effectwas neglected.

Mterminationof“-* frictionat the colletgripswas more difficult.
No estimatesor measurementsseemto be possible. Beforea particular.
testwas started,the screwsfacingthe colletsin the extensionrodswere
tightenedas much as possibleand checkedagainat the end of the test.
Furthermoree, wheneversuspected,the colletswere changedin orderto
avoidfrictionlosses@ thatvicini~. It is stillpossiblethat a
certainamountof dampingexistshere. The colletswere used for the
first16 testsO-. In latertestimg,specimenswith integrallyeast
endswere used. In essence,using col.letsaltered@e picturein only
four cases,as was mentionedin the main text,sinceat highertemper-
aturesthe dampingof the specimenitselfwas, in general,of a higher
orderthan that ~erienced by the specimenat the col.lets.With specimens
havingintegrallycastends,the problemof frictionat the gripsdid not

ovementobservedbetweenthe specimenand thearisesincethe relktivem
colletswas absentin this case.

Mxinmm frictionwas observedat the bottomof the inertiabar where
the bottomextensionrod has to be suppcn+d in orderto simulatepure
torsionalvibrations.For reasonsalreadymentioned,torsionpivots
were adopted~ The energydissipationin the pivotsis of the same”nature
as, but much smallerthan,that of the test specimen,becausethe smmunt
of materialand the orderof stressinvolvedwere very small.

For startingthe freevibrationsof the test specimenimpulsively,
a pair of electromagnetsand steelpole pieceson the inertiabar were
used. Mans were designedwherebythe electromagnetscanbe pushedaway “
from the inertiabar when the inertiabar once startsits free oscillation
in orderto reducethe effectof the residualmagnetisqof the electro-
_ets on the pole pieces.

The aerdynshic dampingis negligiblesincethe tiequencyof vibration
in the dampingtestsis s= (4 cps) (ref.6).
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.

A variationfrom the mean of as much as 150 percentwas detected
in the dampingof the unstressedspecimensat room temperature.This
variationh dampingwas attributedto all of tie causespreviously

.,

mentionedand it is suspected,in addition,thata majorpart of the
_@ is inherentin the materialeven afterthe annealingprocess
and is consideredthe resultd the unavoidablebmdllng processes
involvedwhilemountingthe specimenin the machine(ref.4).

The errormentionedaboveis the cumulativeerrorin initialdamping
from specimento specimen;errorsof a differentnatureexistin measure-
ments of dampingaf one specimenaftervariousnumbersof reversals. For ‘
q~, it is foti in the firststageof testingthat,when a specimen
is annealedand its dampingis measured,the variationssre clearly
statisticalin naturewith a variationof about~35 cyclesin 700 cycles
at room temperaturein a @pical case. The vari@ions at highertemper-
aturesare, in general,of a smallerorder. When interpretingthe results,
this inherentrandomvariaticmis kept in mind and onlythosevariations
of behaviorwhich appreciablydepartfrom these-rent variaticmsare #

takenintoaccount.

Stillanother*e of errorexistsin
its sourceat the photocell. Ifyl ana

amplitudesin free vibrationtith positive

is a measureof
the logsri=c
constant,then

6

theaaJ@ngof
decrement. If

Y1
=log —

e Y2

the system.

the ~asurements and it has
.

YE are a pair of adjacent

am, then the ratio

Thisratiois commorilycalled
the equivalentviscousdsmpingis assumed

and,hence,

5 ~ loge Y1 - lwe Yn‘n ( )

where y. is the initialamplitudeand y= is the amplitudeafter n
J- u

nunibera? cycles.

m

*

..-. —. ——-— ..-
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In the =asuring techniqueusedherein,
Y1 and yn. Consequently,estimatingtheir

17

errorscan be”made in locating
effectis worthwhile.

One canput the aboveequationin the form (K is a constant)

Supposein setting y, the startingamplitudeof free vibration,sn error
& is made. The nuniberof cycleswould now be differentand Et it
be n+ An. Then,

/

An= (kl~— -‘y:& 10% ;J “

where K is a constant. Therefore,the percent

+

of variationis

m a similar mannerone can obtainthe errarin the nuliberof cycles
when an errorof & is made in yu. Thiswouldbe the case fi the

slit in frontof the photocellis not locatedaccurately. This amountsto

memaximum possibleerrorsin settingare & = * inch, &n = & inch,

Y = 1 inch,and yn = 0.4 inch. Therefore,the errorin setting y is

2.7 percent,and the errorin setting yn is also 2.7 percent.

Sinceit is conceivablethat errorsin y canbe committedin the
initialzero setting,it is appsrentthat thishas to be addedtwice.
In orderto reducethe errarsin y , the photocelllocatian(and,
hence, yn) was kept constantthrou&ut _&is seriesof testsand, con-

sequently,thereis a totalerrorof 2 x 2.7 = 5.4 percent.
. \

. . ——. -..—.——. ---- .——. --—- -
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.

RECOVERYDATAFROM TESTSON SPEC* UNDER STRIZSSOF 2,000PSI

(a) 75° F

Nuder of Decay cycles for test significant
(I&dlrreversals, N ~ recovery

2 3 4 5 6 f&ctor

o 669 651 649 649 652 651 27.8x 10-4 1.02 -
.@t65x 106 451 457 478 485 492 520 40.6 1.15
.0930 412 41-6 42o 422 426 428 44.6 1.00
.1860 444 429 414 405 425 425 41.3 .96
.2790 461 462 435 “430 428 412 39.8 .90
.5580 559 550 550 563 553 560 32.8 l.m
.8370 474 503 521 521 523 “~o 38.7 1.12

2.5U 496 507 525 536 552 555 36.9 1.12
3.348 571 -569 573 568 “573 575 32=1 1.00
6.696 568 578 592 602 61L 618 32.3 1.09
10.00 584 585 593 589 597 599 31.4 1.CQ
13.39 608 608 609 619 629 634 30.1 1.04
16.92 586 583 598 608 621_ 633 31.3 1.09
23.43 624 618 634 643 645 634 29.4 1.04
Z6.78 639 642 667 674 682 702 28.6 1.10
30.13 .640 646 660 670 670 678 28;6 1.08

‘%pecimendid not break.

. . ... . .. . . ——.. .__. __ I
—... -— ..— — —.—.-—- .+ ___ _ . ._
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TABLE 1.- Concluded

RECOVERYRATA F!RCMTESTSON SPECIMIZ@UNDIRS!DWSSOF 2,000PSI

(b)300°F

Nuniberof
reversals,N

o
.0465x 106
.0930
.1860
.2790
● 5580
.8370

1.65
3935
6.69
10.00
14.22
L6.92
23.4
26.78
50.13

Decay cycles for test

1

182
149
142

157
151
179
190
195
196
187
192
186
170
172

2

182
150
143
148
151
lx
146
179
184
187
193
178
185
182
174
170

3

184

150
142
145
147
lx
147
180
182
185
lgi
176
181

183
165
169

I 4

182
150
144
147
146
lx
143
180
182
185
18g
174
180
182
12
165

5

181
151
144
147
142
1*
137
178
181
U&

175
176
183
1~
164

6

181
150
147
149
145
153
136
176
179
185
199
174
175
183
355
164

aspecimen did not break.

100.5x 10-4
123.o
129.o
122.o
124.o
117.o
121.5
102.5
96.5
g4.o
104.0
98:0 .
9595
98.5
108.0
107.0

Sigtlificant
recovery
factor

1.01
1.00
1.04
.99
.98
●97
.90
.98
.94
.96
●95
993
.91
.98
.91
.95

.

.. —. —.
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!l!mm2

DtERNAL~FROMTE6!C60ilSP~ ImDmmm3stm6, mmc

A!C=-mOF79F

2pecim?m 1 F@edmen 2 ~dlmn 3 2pecim311 4
(a)

Rumberof
8

Nulnber of
8

mndberof Blmber of
reversals, H

8
revmwals, II

B
revemale, If Z’everaab, M

o 24.1 x 1C4 o 6.44X 104 0 7.95x 1o-4 0 8.05X 10-4

.05?5x lo6 g.; .O5325OX1O6g.g .~~~ x 10646.70 .05pylx d 40.70

.- .I.06m .1o6500 47.9 .106300 47.70

.21m 74:2 .$?l~ 71:30 .21~ 62.30 .213mo 44.m

.3P 75.s .319500 75*P .31g5co &.oo

.6300
●39500 39.70

7 :?
J

.63gmo 78.00 .639cQ0 9.50 .6-
.9450

%.60
.9-

%;
.9- 43.30 .9585m 54.40

1.89 61.0 1.2’78 1.278 62.s 1.278
3.7$ 53.7 1.917 65.w 1.917 60.70 1.917

g::

5.67
??7

2.5$ 34.80 2.5$ 49.50 2.555
7.% 3.831k 50.40 c:?

k;.;
3.8$ 58.70 3.8$

9.4!5 5.112 p.m 5.lJ2“ 5.IJ.2 53.(kl
9.66 Bra 7.668 T.&8 z:

3:E
7.668 39.30

10.22J+ 12.78 10.224

14.697 &oke W.g $:: 15.336 E:%
17.~ Bra

28.IJ.6 g.g
33.228 .

%peCiilkea ala not Iu’aakv
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TAmE3

AVERA5E VAI.UM OF 5 AIEWIGED FOR VARIOUS SIRESS UWEIS

-b- aF &V at -

‘evereale ) N ~~ F 3000 ~ ~~o ~ 6m0 -jjI .750 I’ 3CO0 F bw F &X)” F

m 2,m psi FCm 3,500 pei

o
2?

.9 x I.d g x 10-4 gxld 417 x U-4 5.4x 10-4 6-;x 10-4 ~ x IQ-4 yJ2 x 10-4
.5xlo6 .0 520 25.0 418 428
.1 23.0 91 445 15.0 88 404

?2
443

1 28.0 g 373 24.0 98 357 441
5 27.0 335 4~

34.0
36.0 88

D 99
333

329 46.0 &
o 83 A8

%
32,0 324 472 33.0 J 455

w 5,000psi m 6,aM WI

o 6.5x xd & x m-h 46OX1O-4 ~ x 10-4h!.:x 10-4!& x 10-4 h33 x 10-4 f7 )( 10-4
f x log 21..O 357 447

102
331

?!;:
332 55:0

??;
%6

1 log 299 60.0 $:
43.0 -- --- --

z *1
5

44.0 -- --- ---
46.0 --- --- --

.0 49.0 --- --- ---
0 40.0 --- --- –- --- --- --- ---

I

I

I
, t
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TABLE4

SUMMARYOF IZFX TO FAIUIRIZOF SPECIMENS

Specimen

1
2

{
Averagelife

Averagelog N

Specimen

1

2

i
AverageMfe

Nerage log N

Life, cycles, at . I

75° F 300° F 450° F 600° F

For 5,000psi I

33*O x 106+ 33’0 x 1064
33 + 4.9
33 +’ 598
33 + 7.1
33 + 12.7

7.5185 6.9559

m
6.7786 I 6.9327 I

For 6,000 p6i

9.79 x 106 4.6g X 106. 4.26 X 106 3.47 x 106
14.69 1.04 1.g4 4.05
33.00
17.57
18.75

1.3
2.66
2.49

1.91
1.76
2.47

4.50
2.02
3.53

7.2303 I 6.3290 I 6.3608 I 6.5290

-.-——- ——— .—.
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TABrE5

AVERAGEVKLUESOF INJMUUL FRICTIONAND CORRESPONDINGVAIUESOF a

FUR VARIOUSSTRESSESAND !l?lZNPERATURFS

Stress,psi

2,000
3,500
5,000
6,000

a
8’

Stress,psi

2,000
3,500
5,000
6,000

~ based‘onarea integrationof 5-N curveat A

75° F I 300° F I 450° F I 600° F

29.0 x 10-4 82.0 x IO-4 414.o x 10-4 507.0 x 10-4
34 92 386 440
41 lo5 322 464
51 142 309 385

I I I6.3 x lo~ 78.0 x lo_4 475.0 x lo~ 402.0 x lo~

CorrespondingvaluesOf a
(b)

I 1

4.6 X 10A ;.:? x 10-4 O:A: x 10-4 1.27x 10-4
5.38 1.10
6.5 1:35 .68 1.16
8.1 1.82 .65 .96

a
5~v for annealedspecimens.

b
a“+”

.

.,

. .. ..
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(a) Specimen with integralitycastends.

I/a”
\ r

–’3+++” —
(b)Specimenwith end grips.

Figure1.- Test specimens.
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i.

-! Fixed End
z Of Re$troint

Elastic
*

Restraint

/ A

A.

With Alternating
Field

(a) Schematicdiegramof vibrator.

IT
Extension Rod

~ Bakelite Insulating Pieces “

Support For Extension
Rod In Event Of Failure

To Relay

Pi
Screw J 1’

I II
/

Ld
w

4Qz Weight
ToKeepTorsion
pivot [n Tension

(b)Detailsof torsionpivot.

Figure2.- Detailsof test equipment.
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r Elastic Restraint

Stole For Forced r%
Amplitude
Measurement

.

I
I

Furnace I
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‘Pecimen+
I

‘1
I

i
I
I1

k Vibrator
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Holder Li9ht ?
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-—1
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I /

I
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Decay-
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>

i
/ Device

://

/
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I /
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I
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/
1
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f
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Measurement
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3

A

i-mTorsion Pivot

u
❑
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Section A-A

Figure3.- Sdlematicaisgrsmof

~ Electromagnet

test setup. .
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(a) Furnace.

Figure k.- TeatiIlgmdli?le end associated equipnent.
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(c)Torsionpendulum. L-93514
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L Z’ZPg M’P M

s

I

I1

I

I

I

1

-.
o~

-s scale dividedinto

u,/
//

1/20 inch
LO incidentray
ZO reflectedray withinertiabar

in zero position
Z‘ O bisectorofangleLOZ
M@ -reflectedray withinertiabar

attractedby magnets
MSO bisectorofangleMOZ
P locationofthephotocell

slit
PSO bisectorofthe anglePOL
n isthe number ofhalfcycles

Figure 5.- F&incipleof decaymeasurements.

5 = :(loge M’~Z’ - 10geP’$Z’)= ~(1-oge~ - loge‘z)●

.
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Figure8.- Variation
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